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' Abstract 

Results are presented of several 30 -cm diam- 
eter aeroury ion thruster isolator life tests that 
show that the onset and ejcponentinl increase of ^ 
leakage current problems observed in earlier 
thruster operations and isolator tests have been 
solved. A 10, 006 -hour life test of a ssain 
isolator-vaporizer operated v»<th no aeroury flow at 
330° C and 1500 vclbs VUE round to Love no onset of 
leakage current diring the tost. A vathoda- 
isolator-vaporizer (CIV) operated with a mercury 
discharge at 340° to 360° C and' iSOO VC Its for 
10,000 hours, was found to have a smoll increase 
(i.OKlO'^ uA/^r) of leakage current with time. A 
10,000-hour thruster life test at Hughes exhibited 
nO' increase of leakage current during the life test. 
In view of these test results, it is concluded that 
isolators have been develop- d which will satisfy 
20-on mercury ion thruster mission requirements. 

Intro’^uetlon 

Several primary propulsion system designs have - 
heen proposed which utilize 30 -cm mercury bombard- 
ment thrusters (refs. 1 to 3). These designs pro- 
pose the use of a single propellant, tank for several 
thrusters. This approach requires the use of mer- 
cury vapor isolators in. the propellant lines in or- 
der to electrically isolate the high voltage power 
supplies. The isolator must satisfy a number of 
requirements: the capability of withstanding about 

1200 volts overa wide propellant flow rate range, 
operation at temperatures comparable to other 
thruster oompohenbs ("300° C), and operation over 
very long time periods (10,000 to 13,000 hr)' with- 
out excessive leakage current (“1 mA). 

Several isolator designs, including the seg- 
mented and tortous path concepts, hove been pro- 
posed and successfully tested for their voltage 
standoff recuirements (refs. 4 to 6). However, un- 
til recently, considerable difficulty has been ex- 
perienced. In satisfying the requirements of low 
leakage current for the time periods of interest of 
the: thruster application.. , . The onset of exponential 
increase of leakage currents with time after rela- 
tively short time periods has been observed in 
30-cm thruster operation (ref. 7) and Isolator tests 
(refs. 8 and. 9). More satisfactory isolator per- 
formance results have been observed in 5- and 8-cm 
thruster life tests (refs. 10 and. u). 

The onset of leakage current in high vacuum, 
high temperature insulation has not been : the unique 
problem of ion thruster isolators. This phenomena 
has been observed, in tliyi'atrons and voltage regula- 
tor tubes (ref. 12) and heater-cathode' insulator 
failures (refs. 13 and 14). The causes of these 
problems have not been necessarily of the same ori- 
gin, varying from contamination by sputtered mater- 
ial to metal migration thrc'gh insiHetora. What 
does make' the thruster isolator problem unique is 
the very low leakage current permissible in 
thruster operation. 

This paper will report the results of work 


performed on the development of isolators for the 
30-oin mercury thruster. For reference, a brief 
description of the criteria for Isolator design, 
fabrication, and Derating procedures is also in- 
cludcd. 

Isolator Bealgn Criteria 

Isolator tests results reported in referenee 8 
showed that isolator failures occurred wlthiil a few 
hundred hours. Isolator failure will be defined 
herein as the onset of leakage current which in- 
creases exponentially with time. In the past leak- 
age current rates of increase of the order of 1.0 
uA/hour have been raeasiured after only several hun- 
dred hours of operation. Those rates would re.sult 
in unacceptably large leakage currents diuring a 
thruster mission. The leakage current could cause, 
due to self heating of the isolator, thruster 
control problems as well as represent oii avoidable 
power loss. The exact impact of leakage current on 
thruster and power.processor qperation: is beyond : 
the scope of this iiaper. Therefore, leakage current 
failure made was conservatively defined as the on- 
set of leakage current 'which increased exponentially 
with time. 

It waS determined that the cause of the leakage 
current was an external surface oontaraination, and 
it could to eliminated by bead blasting the contam- 
inated surface with high piurity AlgOg beads. Iso- 
lator failures were found to have the following 
choracterisbies (ref, B) : 

(a) The time of onset of the failure mode leak- 
age oxirrenb was found tO: be extremely temperature 
dependent. After the onset of the failure mode 
leakage current, it was observed to increase expo- 
nentially with time at a given isolator temperature. 
The leakage current 'ate of increase was also found 
to increase ej^onent'.ally with isolator temperature, 

(b) Some isolator failures were observed to be 
directly related bo. faeillty failures during which 
contamination and/or oxidotion bf isolator con^o- 
nents took place. 

(c) The surface contamination causing the fail- 

ure mode leakage ciirrenb exhibited and. semiconduc- 
tlve thin film characteristics. : This was shown by 
the exponential dependence of the leakage current on 
t'ne reciprocal of the isolator temperature (Arrhen- 
ius plot). It was also shown that the isolator 
leakage current conformed to the theoretical charac- 
teristics of thin film formation. , 

(d) Isolators developed failure mode leakage 
Current in tests in diffusion pumped facilities os 
well as in a facility free of diffusion pump oil. 
This behavior, indicated that self-contamination was 
at least partially responsible for the observed iso- 
lator leakage current . 

Several mechanisms explain'ing the surface con- 
tamination problem were considered. These included: 
(l) a vaporization-condensation process in which 
Volatile materials may have evaporated from hot sur- 
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facoB (capcclolly heater ieade ond Isolator BhloldB) 
and condejised on the isolator Ourface; { 2 ) Bputter- 
ing effects arising from the high voltage across 
the Isolator in the presence of outgaoaod vapors 
froo Isolator component materials; (3) cliemicol re- 
actions vhich may occur beonuse o'*’ possible cliemi- 
cal incompatibility of certain maEoriols in the CIV 
assembly; and (4) surface migration of conductive 
impurities on the isolator surface under large tem- 
perature and concentration gradients. 

After consideration of all the obsO'ved isola- 
tor test results, it vas concluded that 
yaporioation-condensatlon process was the moot 
likely cov.ye for most of the isolator contamination 
problem. 

Because of the ca"clusionB ctated above the 
following deolgHj fabrication procedures, and oper- 
ation changes were implemented in the isolators 
used in the tests reporced here as vjoll as in the 
isolators of the Bngineering Model (EK) thrusters; 

(a) Materials that contain high vapor pressure 
elements such as cadmium, zino, siiLphur, . iuid phos- 
phorus as well as materials that form relatively 
volatile metal oxides such as W, Ho, Cr, and Ou 
were eliminated wherever possible from the vicinity 
of the isolator. Also sources of silver were elimi- 
nated in yrder that surfaoo migration across the 
isolator be avoided (ref. 15). 

(b) The Isolctor shadow shields .were rede- 
signed and hot heater terminals were repositioned 
BO that contamination from other thruster or CIV 
components was minimized. .. 

( 0 ) Spotwelding and other, fabrication, tech- 
niques which could causa local melting and evapor- 
ation of metals or formation of metal oxides,' were 
eliminated. - 

(d) Nickel plating was applied to all metallic 
isolator cannonents including the exposed copper, 
braze joints and the Sovar end caps, in order to 
minimize oxidation. 

(e) The surfaces of the alumina body of the 
isolator were ground before isolator assembly and 
were; bead blasted with high purity AI 2 O 3 beads 
after assembly to insure a Cleon isolator surface- 
in the finished assembiy,, 

(f) It was recommended that isolators be oper- 
ated at lowest possible temperature (without mer- 
dury condensation taking, place) ;and: low ambicn . 
pressures in order to minimize the oxidation and 
evaporation of isolator components. . 

AoDoratua 

A brief description •will follbw of the appara- 
tus and facilities used for the life tests of a 
Main Isolator Vaporizer (HIV) assembly. Cathode 
Isolator Vaporizer (CIV) assembly, and two thrust- 
ers used in thruster life tests (refs, 16 and 17). 

Cathode-iaola.toi’-Vauorizgr Assembly 

The CIV -used- in: the life: test is .shown in: fig- :v 
ure 1. This design is similar to the CIV s used in 
the so-called "400; series'! 30 -cm diameter .bhrUat- 
ers, one of which was used, in the life tost re- 
ported by Collett (ref. 7). 


The isolator was of a segmented design, con- 
sisting of seven short alumina chambers (ref, S). 
The chambers \rexe separated by optically dpnae ’ 
scroens In a manner such that the applied voltage 
between any screens was below the Paachen minimum 
voltage (-300 volts) (see appendix) , The Kovar end 
flanges were copper brazed to the metolized alu- 
mina, The stainless steel shadow shields protected 
the exterior surface of the isolator from the am- 
bient particle Xiux, They were nickel plated and 
attached r‘ ehonically witn straps to the nickel 
plated RSvaf end flanges. 

; T!ie hdlcrw tantalum cathode was fabricated 
with a thoriated tungsten ..ip and had dn alumina 
flame sprayed Nlclirome heater mounted neat the tip. 
The cathode tip. had a radiation fin to provide cor- 
rect cathode temperature during thruster operation 
and a tantalum foil wrapped around the tip and 
heater to improve the cathode starting capability, 

A 0,53x0, 25X2. 5 -C!s porous barium oxide impregnated 
tungsten hollow, cylinder insert was installed in- 
side the hojlow cathode end teCeBsed 0.35 cm from 
the tip. Tungsten wool was placed in the hollow 
cathode body so that plasma diffusion: and radiation 
from the cathode discharge did not impair the pro- 
per functioning of the isolator. 

'The vaporizer of the CIV consisted of a 0.45- 
cm diameter porous tungsten plug, electron bcom 
welded, to. the tajitaium tube. The How of the pro- 
pellant through the pltig was determined by its tem- 
perature,, which was governed by the power appilied: 
to a heater wrapped around the outside of the: 
vaporizer housing. 

The CIV s used on the Engineering Model 
(EM) "900 series" (ref. 17) 30-cm diameter thrust- 
ers and the "700 series" thrusters (ref. IS) dif- 
fers from the one "400 series'' described above, in 
that the isolator and vaporizer ore separated from 
the . cathode by a heated feed tube:;; This allows: the 
isolator, to operate at a lov/er temperatui’e asid by 
reducing the thermal feedback from. the cathode, it. 
improved the thermal control of the; vaporizer. Al- 
so, a larger isolator similar to that of the main 
isolator was incorporated in the Elf : CIV.. : ; . 

■The CIV test was conducted in a 30-cm diameter 
-port on the 7.6x18,3 ra vacuum facility at lewis ,He- 
seareh Ganter. The main vacuum bank operated with 
hydrocarbon oil diffusion pumps. A liquid nitrogen 
trap was installed in the ports' ronghing pump 
line. A grounded partinlly opaque shield was in- 
stalled 1. a the pert as seen in figure 2, This 
shield prohested the : isolator from; the : cathode dis- 
charge plasaia and from, the: particle fiux existing 
in the., main vacuum facility.. Because of the re- 
quired. shielding the pressure ; in the port : during : 
operation was -5X10“® torr. 

The port Was prepared to meet the requirements 
outlined in the Design Criteria Section. Thus, all 
High" yepor pressure . TteridlB : such as: silver solder 
'tolder flUx, Cadmium plated ' eiectrical connectors, 
brass flanges, etc. were eliminated. High tenper- 
ature electrical - feedthroughs ^ and.:thermocoupie; con- 
nectors were used. Aluminum wires were used for 
electrical connections in order bc .ayoid.the pasal- 
blllty of contamination by oxides if copper wires 
were used. 

An eiectrical schematic of the CIV test Is 
shown in figure 2. Power aupplias required Were; 
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disohurBe supply keeper supply, ignitor, high ■volt- 
age supply niid heater aupplles for the cathddo tip, 
isolator, and vaporizer. There vea no control loop 
on the vaporizer heater supply,’ The cathode end of 
of the isolator van mounted on an electrical stand- 
off and held at gfound potential. The vaporizer 
end of the isolator -was biased negatively hy the 
higli voltage D,C. power oupjd.y. Tills conficuration 
aimulated the volfc^o evadient in n thruster. The 
temperatures of the isolator at both end caps, va- 
porizer and cathode tip were monitored during the 
test, , The coUeebor was -( perforated, molybdenum 
disc. Provlaions were present for automatic shut- 
down for the enbhode and high voltage if a proBBure 
rise to >10“^ torr ocourred in the waln tank,. 

MIV Test 

The main laolator was deaigned aimilarly to 
the cathode iaolator above, except it was larger in 
order to accommodate the higher mass flown re- ; 
quired. (The ”900 aeries" EH thruster has two iso- 
lators of this size.) The design changes incorpor- 
ated; in the MIV to meet the low isolator leakage 
requirements were similar to those made in the CIV . 
Tliese have been presented, in the Design Criteria 
Section. 

The MIV test was conducted in a cryogenioolly 
pumped heli jnr, thei-efore eliminating the possi- 
bility of contamination of the isolator surface 
with diffusion or roughing pump oil. The preaourc 
in the bell jar was maintained at -Ixlp-B torr. 

The test -was conducted with no mercury How, there- ^ 
fore only two heater supplies, one on each end of , 
the isolator, end a high’ voltage supply were re- 
quired. Temperatures of each end cap of the isola- 
tor -were monitored during the test. ■ 

Thruster Life Tests 

The 10,000-hour thruster life teat (ref, IG) 
was conducted with a "700 Beries":, 30-cm dian;eterv 
thruster having a CIV andMiV incorporating the 
modifications in the Design Criteria Section. The 
preeenb on going life test (ref . IT) is of a. "900 ; 
series" thruster. 

Beaults and Discussion 

mV Test ■ ■■". 

As pointed out in reference 8, tests In a cry- 
ogenioplly pumped hell Jar (pump oil .free environ- / 
ment) indicated an isolator failure due to self- 
conbomination and nob necessarily due to the test 
facility environment. The history of a typical . 
failure of a MIV isolator observed in this bell Jar 
previouB to the use of design modlficati ms dis- 
cussed previously is shown, by a curve in figure 3. 

To confirm the aelf-contsminablon hypothesis an MIV 
with all the changes was tested in the some bell, 
jar.. Since: the eaiiier failures occurred with no ; 
mercury flow througli the isolator, none was used in 
the ffiV test. 

The MIV test operating pondibions are given in 
table I^ ,The;;end cap temperatures were 310° end 
330° C and the applied voltage was 1500 volts. ' 
These Isolator temperature and voltage operating 
- conditions were more severe ' than: those of ,a thrust- 
er (265° C and 1100 volts, respectively), fchere- 
Xore, pro'viding on aecelerated life test. . 


The initial current of the isolator was 0,1 pA 
at 1500 volts, which correnponda to approximately 
the bulk conductivity of the alinslna in the isda- 
tor. There was no increase of this oui-rent in the 
10,000 hours of operation (fig. 3) at whloh time 
this test was teimlnatod. During this time .period 
the isolator test underwent 17 shutdowns during 
which presBiire inoreaneo of up to about 1X10"^ tox’r 
range oecurred. Tbone shutdowns had no apporenb 
detrimental effecto pn the isolator perrormahee. 
After the test the isolator was inspected and, as 
expected, was found to be in excellent cendiblon. 

Therefore, it may he concluded that he ex- 
ternal leakage current source has been identified 
an xelf contemination, probably due ta the 
evaporabion-condensetion mechanism discusaed be- 
fore, and that the implemented design changes have 
correafced -^he failure mode leakage current problem. 


The HIV teat just discus sed showed that the 
external isoldtDr leakage eurrent problem was pri- 
marily a self contamination effect. It remained to 
be shown that the internnl integrity of the isola- 
tor could be sustained during acbusl operating con- 
dibioiiB with a mercury flow and discharge. There- 
fore a CIV test wasoonductod, and again at more . 
severe operating conditions than those found in a 
normally operating thruster. Successful operation 
at these conditiana would ensure considerable mar- 
gin for thruster; operation. 

irhe; operating : Conditions of the CIV are shown 
in table I. The operating isolator temperatures 
ranged from 320° to 360° C (depending on the dis- 
charge euvrent and vaporizer temperature), as com- 
pared t’ '.65° C found in a normally operating 
thruste: , In the cathode preheat periods, temper- 
atures ; of the iSolaUot reached as high as . 400° C, 
During operation the applied voltage was 1200 volts, 
and the discharge current ranged from 7 to 12 amps 
with correspondihe discharge voltages of H.5 to \ 

20 volts. The mercury flow rate was held nearly 
; constant at about ISO mA. Keeper current was. main- 
tained at 0.5 ampere and about 9.5 volts.. 

The cathode perforraanoe Including discharge 
and keeper eonditions and tip temperature appear in 
reference 19;, . The leakage current history of the 
;ia,00a test; and. the Corresponding: Isolator and va- 
porizer temperatures during the best are shown in 
figure L4. .The initial, isolator leakage current: of 
1. pA indicated that some surface contaminaticn.; 
could have been present before the lifetest. How- 
ever, nnshowa later. the indicated leakage current : 
may also have been due to oontamlriated high ybltage 
feedthroughs, leakage across power supply isoiation 
insulators, or discharge plasma leakage. However, 
it was ooncluded in referertoe 8 that higher than 
normal Initial leakage currents due to some isola- , 
tor contamination did not necessarily contribute to 
early onset of cxpDnential increaBBB bf the isol'a- 
-tor leakage current, so this initial leakage current 
was not a matter of major concern. 

From figure. 4 :it eon be: seen that the leakage : 
current slowly increased for approximately the first 
1100 hours at on average rate of about 2.2X10"^ 
uA/haux. A sudden drop of leakage current at about 
1130 hours was due bo cleaning of all insulators on 
the port flange feedthroughs and the floating power 
supplies , . At about the same time. : the isolator ■ 
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thermocouple inalf unctlonod.. From about 1130 tu 
3400 houro on the teat the averatjo leakage current 
inorenae with time wao about C.7X10"3 nA^iour, The 
vaporizer thermocouple reoding indicated that the 
increaae may have been anaociated with n allgiitly 
higher iodabor-vaporlzor temperature. 

At 2400 hour a, the diacharge power Duppjy mal- 
functioned and probably overheated the cathode and 
Isolator and a shutdown took place. After repairs 
to the power supply, a rcstarbinG of tllo cathode 
discharge, the keeper voltage ojid cathode tip temr 
pereture exhibited abnormal conditiona for some 
time, which indicated that during this shutdown, 
also the cathode was adversely affected. From this 
startup at 2400 hours until the 3960-hour mark the. 
leakago current increased with time at a faster 
rate of about SGxlO”^ pA/hour with no inorease in- 
dicated on the isolator temporature during that 
time period. This sudden increase of leakage cur- 
rent rate is attributed to the abnormal shutdown 
caused by the faulty power supply. 

After 395Q hours in the test, the isolator 
was removed, the s\irface was bead blasted, and a 
new shadow shield made from tantalum was installed. 
’."hs leakage current after the bead blasting was re- 
duced to about 2 pA at 350® C, whlcJi was slightly 
higher than at the beginning of the test. This 
leakage could have indicated a. slight degradation 
of the internal structure of the isolator, 

From 3960 to 8150 hours the leakage current 
increase with time averaged only abeut 1.2x10'® 
nA,>hour at an average isolator temperature of about 
330° C, A unique phenomenon, nob observed on pre- 
vious isolator testa, was first observed on the 
isolator leakage current alter the ahubdown at the 
6010-hour point. The leakage current on resbait- 
-ing was found to have decreased considerably from 
the value measured before' the ahubdown. ■ Later it 
was determined that these leakage current decreases 
were only associated with shutdowns in which the 
CIV was exposed to atmospheric conditions. There- 
fore, this phenemonot) is assumed to be associated 
with ; the ojadabion of the thin film responsible for 
the leakage current. However, this phencK«jn6n is 
not well understood at this time. The leakage cur- 
rent reduction after a shutdoim involving atmo- 
spheric expos\n:e appeared to depend on the temper- 
ature required, during preheat to restart the cath- 
ode.; It was obaorvod that the magnitude of. the de- 
crease in leakage current after a sliutdown in- 
creased with increasing isolator tcraperatui'e 
reached during startup. After such a decrease the 
leakage current increased with time at an accel- 
erated rate. for a while until t!)e previous normal 
rate was attained. 

At the BlSO-hour mark, the pdasma 'siaiayed ;v 
cathode tip heater burned out. Because heaters as 
originally fabricated cannot be replaoed oh oath- . 
odes, _ a makeshift heater was. installed by. wrapping . 
several windings of heater material around the 
cathode tip. in order that the isolator test might 
be continued. Additional heat obieldihg around the 
cathode tip was added bo assist cathode startup. 
This change resulted in a higher operating temper- 
ature (~3g0° C) of the isdatbr. This, in ttirn, 
resulted in a somewhat higher average leakage our- 
. rent increase with time k>f- about 3.9x10"? pA,i8iour.. . 

At 16, 260 hours it was decided to bead blast 
the exterior of the isolator surface In order to : 


determine if any deterioration had occurred on the 
inside of the isolator. At i ' the bead blasting, the 
the isolator it was also nec' :>sary to replace the 
heater and heat shielding. The leakage current 
after this operatibn did not return to the 2 pA 
value which was measured after the previous bead 
blading operation at 39S0 hours but rather decreased 
only to 12.5 tiA, This result, however, was somewhat 
obscured by the fact that the cathode did not oper- 
ate normally for SOTO time after the restart, re- 
sulting in abnorimUiy high Innolator temperatures 
compared with the operation before the shutdown at 
also hours. Two ox^anations are possible for the 
observed remaining leakage current after the bead 
blasting operation at 16,258 hours; either the 
cleaning operation was not entirely succoaaful in 
removing oil of the outside isolator contamination 
or the observed leakage current after the shutdown 
was on internal inolator phenomenon. 

It is of interoat to compare the plots of the 
voltage vs. leakage current and of the leakage cur- 
rent vs. the reciprocal of the isolator temperature 
for times before and after the cleaning operation at 
16,250 hours, Figure S shows that after the clean- 
ing operation the previously observed sudden transi- 
tion in the V-I plot ocourf ing at around 1000 Volts 
disappeared. The reason for the transition is nob 
understood, . Current-v;itage: plots .found in refer- 
ence 0 exllibited ohmie behavior with some exceptions 
at very high voltages, and the deviation observed 
fr 3 m ohmic behavior was gradual, not like the tran- 
sition observed in figure S, A gradual deviation is 
consistent with thin film behavior found la lltera- 
ture. 


Figure 6 shows the leakage current as a func- 
tion of the rociprocal of : the Isolator temperature ; 
plot at various times of the test. The data taken 
after the isolator cleaning showed the same charac- ;. 
terintics as observed before the cleaning. The 
characteristte activation energy of a semiconductor 
was found to decrease with time between. 2099 and: 
16,250 hours as ;was observed in similar plots in ; ^ 
reference 8. Again these observed characberlsblcs 
ore found to; be consistent with tbiil f ilm semlOoh- 
duetor behavior. 

Thus, in general, the observed behavior of the 
CIV leakage current was similar to that found in tta 
early Isolator tests of reference 8, except that the 
avetdge leakage current increaae with time was re- 
duced nlgnifiCMtly in the present tent with the 
implementation of the described design changes. For. , 
example, the average increase With tine found in the 
present test was about 3.9X10"° pA/hour at on aver- 
: age isolator temperatitto of about 350°, C. At the 
same temperaturej average leakage current increases 
with time of up to 4 pA/hour wore measured in the 
Insolator tests of reference 8. The maximum averr 
age leakage current increase with time measured dur- 
ing the present test (not considering the oaba- , 
otrophic shutdown oocurrance) wan 6,7x10*3 pA/hour. : 
This rate of inorease would result in a leakage cur- 
rent of 134 pA: of tor 20,000. hours of operation,- : 

- which is well within the 1 uA requirement eatab- 
lished for isolator performance. Since the CIV iso- 
lator temperature in a normally operating thruster 
is considerably lower (26S° C) than the 350° C aver- 
age in the CIV test, the Increase in the isolator 
leakage current with time should also, bp signifir 
cantly lower. From the exponential leaiuige- current 
dependence upon the reciprocal of the isolator tem- 
perature (ref. 8) a decrease of 65° C in isolator 
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temperature wan ectimated to reault in a deoredsc 
in the Icaltade current by at least a factor of 30, 

Thruster tilfo-Tlmi Tests 

ULtilaately, the isolator has to perfcu’m satis*' 
factorily in thruster tents and ft thhustor lifetest 
is reouired to Judge its performance. One nuch 
teat (ref, 16), during which the thruster was oper- 
ated for 10,000 hours, was conducted at the follow- 
ing conditions as sh-wn In table 1; main isolator 
temperature of about 27S‘^ C, catJiode Isolator tem- 
perature of 260° C, beam current average of l.i 
amps (1.75 max), and screen voltage across the iso- 
lator of 1100 Veits. The Ourrent measured during 
the test was on the order of 0.1 uA and no increase 
was observed diU’itlg the test. After the teat, ex- ' 
owinatlon of the isolators revealed them to be in 
excellent condition (ref. 16). 


developed. Die observed ttverago leakage current 
increase of about 4.0x10"^ pA/hour over major por- 
tion of the test is well within the established 
isolator performance requirements. Decause the CIV 
isolator was operated at a considerably higher tem- 
perature than found in normal thruster operation, 
the leakage current rate of increase observed would 
be much higher than those expected under normal op- 
erating conditions. 

The isolator performance in. the 10, 000-hour 
life test (ref. 16) and the present ongoing test 
(lef. 17) has confirmed that the modifications Im- 
pLented have solved the isclator leakage problem, 
since during the 10, 000 -hour test and after 4100 
hour's of the ongoing test neither the cathode or 
main isolators have experienced any ineosurable in- 
crease of lenkSHa current, Therefore it is felt 
that the leakage current problem experienced in 


Another life tost of the "900 series" thruster 
(ref, 17) is presently being operated at a 2.0 -amp 
beam level and therefore at a slightly higher iso- 
lator temperature tha in the earlier thruster test. 
After 4100 hours of operation in this test, no in- 
orense in the leakage current has been obsei-vea. 

Thus it appears that the Isolator leakage current 
phenomenon experlenoed: in early thruster and iso- . ; 
lator tests has been identified and that Suitable' 
modifications have been implemented to correct the 
problem. 

Summary and Conclusions 

in order to eliminate surface leakage current ' 
problems found dtii'ing earlier thruster and isolator 
tests,, several modifications in Isolatot design,; . 
fabrication techniques, and operation (suggested in 
ref. 8) were Implemented in the Engineering .Model 
isolators and several life tests were: performed and 
reported herein. The isolator tests pcrforined were; 
a 10, 000 -hour test of a MIV operated without mer- 
cury vapor or diseharge, a 18,000-hbiu: teat of a 
"400 aeries" CIV (partially modified) operated with 
mercury vapor and a discharge, and two thruster 
life tests (refs. 16 and 17) . 

Ihe MIV test was operated at -330.° C and an, 
applied voltage of ISOO volts, temperature and 
voltage conditions which were much more demanding - 
thnn those found on a normally operating thruster. 
There was no increase of current measured during 
the life test above the 0.1 pA current measured^ at . 
the beginning of the test, which is approximately 
the biilk conductance of the isolator. This test 
demonstrated that the previously observed surface: 
leakage current due to self-contamination has beert; 
eliminated by the implemented isolator design and 
fabrication modifications. : , 

The CIV test was operated at an isolator tem- 
perature of 320° to 360° O' and with 1200 , volts , 
across the isolator with mercury vapor flow and a 
discharge s^ulabing thruster operation. Again the 
test conditions were .T.ore sever'e than found in an 
operating thruster. An average leakage current in- 
crease with time of -3. 9x10 “5 pA/hour was observed 
over approximately the final 14,000 horn's of the 
test. The source of the leakage current in the CIV 
. test is nob certain, : Cleaning of the isolator , sur- 
face early in the best reduced the leakage Current ' 
to 2 pA, However, a cleaning at 16,260 hours re- 
duced the leakage current to 12.5 pA, which suay in- 
dicate that some internal isolator leakage may have 


earlier thruster and isolator tests has been identi- 
fied and design, fabrj jation, and operation modifi- 
cations im]iLeracnted have corrected the problem. 

Appendix - Pnschen Breakdown in Mercury Vapor 


For reference, breakdewn characteristics of 
mercury vapor and a brief description of isolator 
design eonaiderations 'will foUw. 


The mercury vapor isolator requirements include 
: the capability of withstanding high voltage (-H0O 
volts) over a wide range of mass flow rate through 
the isolator.. The large variation of maos flow 
rate during thruster operation results in large 
variations of pi'esaure (O to SO torr) over which 
. the Isolator roust be able to stand off the higli 
voltage. ; To achieve the standoff requirements, in 
the ae^ented type of isolator, the isolator body 
is divided in a jiumber of short, cliambers of eqxial 
lengths by dptioally dense screens in a manner such- 
that the total applied voltage la in principal di- 
vided equally among the chambers- and the- voltage 
between adjacent Boreehs is thua held below the 
Paachen minimum. The minimum breakdown voltage of 
mercury Vapor has been found to be, . . 


’'join = 20 (D/d) volts (ref, (20)) 


where: 


diameter of electrodes 
electrode gap distance 


This y^uc of breakdowh voltage is in good agree- 
ment with mihlmums, of other measured Paachen: curvoa 
(refs, 21 to 23) shown in figure 7. The analytical 
models; proposed for the Paschen minimum, however, 
do not; offer such: agreement: in the literature (rots. 
24; and 25) because of varioua assumptions Used in 
treating breakdo’whs read! ting from effects of sec- : 
ondary electrons, surface charge, Inaulation flash-' 
over, space charge, and magnetic fields. 


References 

1.. iftKbury,; J,; .H. , StHcr-ELectric- Spacecraft . 
for the Enke Slow Flyby riission," AIAA Jtoper 
73-1126, Lake Tahoe, I.'ev. , 1973. 


2. Mesek, T. D,, Richardson, E. Ji, , and Kabkins, 
C..L,, "SftlBr Electric iropulsion Stage 
Design - Interplanetary and Earth Oribtal 


I-iisolon ApplioationB, " AIAA Paper 73-1124, 
Late Tahoe, Kev., Oct. 1373, 

Gilbert, J., and cuttman, C, H„ "The Evolution 
of the SEP vtage /SEPS/ Concept,*' AIAA Paper 
73-1122, Late TnJioe, Hev., Oct, -Nov. 1973. 


15. Chalten, B. M., et ul., "Silver Migration and 

Printed Wiring." Induotrinl nnd Engineering 
Chemiatry. " Vol. 51, Mar. 1359, pp. 299-304. 

16, Collett, C., "Thruster Endurance Teat," NASA 

CR-13S0U, Hay 1976. 


4. Nakanishi, 5,, "Experiniental Inveatigabioh of a 

lliAh-Voltage laolatlon Eevioe for Ion-Thruster 
n-opellant Feed, " NASA TH D-3535, Aug. 1966. 

5. King, H. J., et al. , "Low Voltage 30-cm Ion 

Thrunter," NASA CK-134731, Nov. 1974. 

6, Fyo, J. W. , "Componenb Bevelofment for a 10-cm 

Mercury Ion Thruster," AIAA Paper 72-4B7, V . 
Bethesda, Md., April 1972. 

7, Collett, C. R,, "Endurance .sating of a 30 -cm 

KauXhian Thruster," AIAA Paper 73-lOSS, Lake 
Tahoe, Kev., Nov, 1973. : 

0. MantenieKs. M, A., "Inveatigabion of Mercury 
Thruster IsolaTiorE, " AIAA Paper 73-lOaa, Lake 
Thoe,Nev., Nov. 1973. 

9. Fearn, 0. G. , et al., "The UK 10-cm tercury 

Ion fhrister Development Progrem,!' AIAA Paper 
75-389, Hew Orleans, La,, Mot. 1975. 

10. Nakonishi, S., "Durability Testa of a Five - 
Centimeter Diameter Ion Thrunter Syotera, " 

AIAA Pap ir 72-1151, New Orleans,' in.> Nov. - 
led. lS7i t 

11/ Kakaniahi, d . , *’15, 000-Hour Cyclic Endurance 

Teat of on 6-cm Diameter Electron Bombardment 
Mercury Ion Tliruator,*' AIAA Paper 75-1022, 

Key Biscayne, Ila, , Nov. 1976 . 

12. Jones, N. D. , “Development md Endurance Teat- ; 

ing of Higli-TempCrature Ceramic Voltage- 
Rdgularor Tubes, *' NASA CR-1013, Apr, 1971. 

13. Carroll, P, E., et al. , "Heater-Cathode Inves- 

bigation, " Hept . YFS6 (137-3026-1) June 1956, 
Sylvania Electric Products, Inc., Kew Gardena, 
N, t. 

14. Noelcke, C. L.:, "Deterioration Mechahiams in ' ' 

Electron Tubes," Monograph No. 6, 1958, Arinc 
Roseoroh Corp. , Annapolis, Md. 


17. Conettj C, R,, Bechtel, R. T., '*15, 000-Hour 

Endurance Test of a 900 Scries 30-cm Engin- 
eering Model Ion ITiruster, *' Proponed AlftA 
Paper 76-1020, Key Biscayne, Fla., Nov. 1976, 

18. King, H, J. , et al,, ;*'Lov Voltage 30-cm Ion 

Thruster," Final Report, NAS3-16528, Oct, 

, 1974. 


19. Hlrtloh, M, J,, and KCrslaka, W., '*Long Life- 

time Cathodea for 30-cm Thruateta," Proponed 
AlAA Paper 76-985, Key Biscayne, Fla., Nov. 
1976. 

20. Smith, D. , and Davies, D, E. j "lohizabion HiC- ■ 

nomcna in Mercury Vapor, *' 6th International 
Conference on Ionization Phenomenon In Cases. 
Vol, 2j Centre d-Etudea HUcleaireB, Paris, 

1963, pp. 213-216. 

21. Guaeva, L. G., and KLyarfCl' d, *' Ignition Poton- 

tlal of Dinchorge in Hercuiy Vapora. *' Zhurnol 
' Lekllicheakal Flziki (ftoacow) . VOl. 24. 1954. 
pp. 1169-1178. 

22. Hackain, R. , ''Electrical: Bteakdown of Mercury . . 

Vapor Between Mild Steel HLaner Parallel Elec- 
trodes," International Journal of ELecfaronlca. 
Vol. 26, June 1969, pp. 579-564. 

23. Johnson; P. C. , and Parker, A.: B. , "Electrical 

Breakdown of Mercury Vapor Eelcw the Paaohen 
Minimum, *' Journal of Physlca. Part D; Applied 
Rivslea. Vol. 3. 1970. pp. L55-L57; 

24. Gpvinda, Raju, G, S., and Hackam, R., "Note on 

Paschen Law and the similarity Theorem at the 
Minimum Breakdown Voltage. '' IEEE Tranaactionn 
on HaBma Science, VoL. PS-2, June 1974, pp. 

; ’ -63-66.. 

; 25, Miller, H. C., "On the Validity of PaBChen' s . 

Law at Values of pd. Near and Below the Biaohen 
Minimum;" international Journal of Electro- 
nics, yol, 22, Jan, 1967, pp. 31-34. 







TANTALUM v 


FOIL HEAT \ 
SHIELD 




OPTICALLY DENSE SCREEN 


THOR lATED TUNGSTEN 
CATHODE TIP 


^ ALUMINA SPACERS 
^ ALUMrNA ISOLATOR BODY 


^ IMPREGNATED POROUS TUNGSTEN 
CATHODE INSERT 


Figure 1. - Cathode-lsolator-Vaporizer (CIV) assembly. 
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Figure 2, - Schematic of Cl V test in 30 inch port. 
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Figure 3. * Leakage current with time of Ml V test. 
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Figure 4. - Leakage current with time of CIV endurance test. 
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Figure 6. - Leakage current as a function of reciprocal 
isolator teinperature. 
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Figure 7. - Paschen curve for mercury vapor (pressures cor- 
rected to 0° C), 
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